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Dendritic cells (DC) are the major APCs involved in naive T eel! activation making them prime targets of vaccine research. We 
observed that mRNA was efficiently transfected, resulting in superior translation in DC compared with other professional APCs. 
A single stimulation of T cells by HIV gag-encoded mRNA-transfected DC in vitro resulted in primary CD4 + and CD8 + T cell 
immune responses at frequencies of Ag-specific cells (5-12.5%) similar to primary immune responses observed in vivo in murine 
models. Additionally, mRNA transfection also delivered a maturation signal to DC. Our results demonstrated that mJRNA- 
mediated delivery of encoded Ag to DC induced potent primary T cell responses in vitro. mRNA transfection of DC, which mediated 
efficient delivery of antigenic peptides to MHC class I and II molecules, as well as delivering a maturation signal to DC, has the 
potential to be a potent and effective anti-HIV T cell-activating vaccine. The Journal of Immunology, 2000, 165: 4710-4717. 



Vaccines that induce potent T cell immunity are under 
active investigation for diseases such as HIV, cancer, 
and tuberculosis (1). Dendritic cells (DC) 3 are the most 
potent APCs in the immune system and are critical in the initial 
recruitment and activation of naive T cells (2-4). As DC are the 
principal, if not only, APC involved in primary T cell immune 
responses, the first step, of vaccination involves the delivery of 
candidate Ag to DC. The immune responses necessary for protec- 
tion from HIV infection are unknown, but analyses of long term 
nonprogressors, HIV-infected individuals with normal and stable 
CD4 counts, demonstrate strong CD4 + and CD8 + T cell immunity 
against HIV Ags (reviewed in Refs, 5-7). Thus, it is theorized that 
vaccines capable of inducing broad T cell immunity against HIV 
will delay HIV progression in infected individuals or alter disease 
course in those who become infected after vaccination. HIV vac- 
cines currently in clinical trials (reviewed in Refs. 8 and 9) rely on 
the delivery of Ag to DC after immunization by direct local uptake 
of delivered protein or infection or transfection of local nonlym- 
phoid cells with resultant delivery of Ag to DC, and possibly direct 
DC transfection (10-13). In vitro expansion of DC followed by 
HIV protein or peptide pulsing, maturation, and reinfusion has also 
been described (14). Unfortunately, at present, immunity induced 
by these HIV vaccine approaches has demonstrated at best mod- 
erate induction of CTL and CD4 helper activity. 
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Multiple in vivo and in vitro studies have used DC-based vac- 
cines with various forms of Ag delivery to induce immunity, and, 
in some cases, potent antitumor responses have been observed (re- 
viewed in Ref. 15). The form in which Ag is delivered to APC 
influences the efficiency and pathway of Ag presentation used and 
the subsequent quality of T cell activation. Current methods of 
direct delivery of Ags to DC in vitro include peptide or protein 
loading, DNA transfection (reviewed in Refs. 16-18), and viral 
vector infection (19-22). Potential confounding factors of these 
methods of delivery of Ag to DC include the need to tailor peptides 
to the MHC haplotype (reviewed in Ref, 23); the low efficiency of 
DNA transfection of primary cells and the potential development 
of stable transfectants (24-26); the limitation of added whole pro- 
tein to primarily load-only MHC class II molecules, and, espe- 
cially with HIV proteins, a direct effect on immune cell function 
(reviewed in Refs. 27 and 28); and viral vector effects on DC 
function (29, 30). Most of these pitfalls can be avoided by Ag 
delivery to DC in an mRNA-encoded form. mRNA transfection for 
Ag delivery to DC has been used to induce potent T cell-based 
antitumor immunity in vivo and in vitro (15, 31-34). 

In this report, we demonstrate that transfecting DC with mRNA 
encoding the HIV core protein gag results in potent primary CD4 + 
and CD8* T cell immune responses in an in vitro system with the 
generation of frequencies of Ag-specific cells similar to that 
observed in in vivo model systems (35). We demonstrate that 
this is due to extremely efficient delivery of encoded Ag to DC 
with loading of antigenic peptides onto MHC class I and II 
molecules and the induction of a DC maturation signal by 
mRNA transfection. 

Materials and Methods 

Materials 

PBMC were obtained by leukopheresis of HIV-uninfected volunteers 
through an Institutional Review Board-approved protocol. PBMC were 
purified by Ficoll-Hypaque density gradient purification. Cells were either 
used immediately or cryopreserved in RPMI 1640 (Life Technologies, 
Gaithersburg, MD) medium with 10% NHS (Sigma, St. Louis, MO) and 



Copyright © 2000 by The American Association of Immunologists 



0022-1767/00/S02.00 



The Journal of Immunology 



4711 



1 0% DMSO (Sigma). CD4~peridinin chlorophyll protein, CD69-FITC, anti- 
human IFN-y-PE, HLA-DR-FITC, CD14-FITC, CDUc-FlTC, matched 
isotype controls (Becton Dickinson lmmunocytometry Systems, San Jose, 
CA), CD80-FITC (Research Diagnostics, Flanders, NJ), CD83-PE (Caltag, 
Burlingame, CA), CD86-CyChrome (PharMingen/Becton Dickinson, San 
Jose, CA), IL-4, IL-7, GM-CSF, and TNF-a (R&D Systems, Minneapolis, 
MN), IL-2 (obtained from the National Institute of Allergy and Infectious 
Diseases AIDS Reference and Reagent Program), and PGE 3 (Cayman 
Chemical, Ann Arbor, MI) were used. 

DC preparation 

The purification of DC from PBMC used the method originally described 
by Sallusto and Lanzavecchia with minor modification (36, 37). Briefly, 
monocytes were purified from PBMC by discontinuous Percoll gradient 
centrifugation. The low density fraction (inonocyte enriched) was depleted 
of B, T, and, in certain experiments, NK cells using magnetic beads (Dynal, 
Lake Success, NY) specific for CD2, CD 16, CD 19, and CD56. This re- 
sulted in highly purified monocytes as determined by flow cytometry using 
anti-CD 14 (>95%) or anti-CD lie (>98%) mAb. To generate immature! 
DC, purified monocytes were cultured in either RPMI 1640 supplemented I 
with glutamine (2 mM), HEPES (15 mM), and 1% NHS (Sigma) or in AIM 
V serum-free medium (Life Technologies), supplemented with GM-CSF 
(50 ng/ml) and IL-4 (100 ng/ml), TNF-a (I ng/ml) and PGE 3 (500 nM) \ 
were used for DC maturation when indicated. ^ J 

Plasmid constmcts 

pCMV-lacZ (/3-galactosidase (gal)) (Clontech, Palo Alto, CA), obtained 
from Benjamin Doranz (University of Pennsylvania, Philadelphia, PA), 
was used for plasmid trans fection using the same method described below 
for mRNA. The following plasmids were used as templates for in vitro 
mRNA transcription: pSFV3-lacZ was purchased from Life Technologies, 
pT7-TEV (the leader sequence of the tobacco etch viral genomic RNA)- 
luciferase-A 50 and pT7-luciferase-A 50 were obtained from Dr Daniel Gal- 
lie (University of California, Riverside, CA), pDAB72 was obtained from 
the National Institute of Allergy and Infectious Diseases AIDS Reference 
and Reagent Program (38), and pCCR5 was a gift from Dr. Beh-Hur Lee 
(University of Pennsylvania). To construct pT7-TEV-gag-A 50 the Ncoh 
BamHl fragment containing the 1539-bp HIV gag coding region was iso- 
lated from pDAB72. This fragment was cloned into pT7-TEV-Iuciferase- 
A so in place of the NcoUBamHl luciferase insert. Plasmids were purified 
using Quantum Prep (Bio-Rad, Hercules, CA), quantitated by OD at 260 
nm, and sequenced. 

In vitro transcription 

mRNA transcription was performed on a linearized plasmid template using 
Message Machine kits (Ambion, Austin, TX) according to the manufac- 
turer to generate m 7 GpppG-capped mRNAs. Plasmid pSFV3-lacZ was lin- 
earized with Spe\ y and SP6 RNA polymerase was used to synthesize 
capSFV-lacZ-A 90 (SFV3), an 1 1,344-nt-long self-replicative mRNA. This 
transcript encodes the nonstructural polyprotein of the Semliki Forest virus 
and the bacterial 0-gal gene of Escherichia coli, and has a 90-nt poly(A) 
tail (39). The plasmid pT7-TEV-luciferase-A 50 was linearized with AWel, 
and T7 RNA polymerase was used to transcribe cap-TEV-luciferase-A 50 
(TEV-Iuciferase) (40). A structurally similar transcript, cap-TEV-gag-A S0 
(TEV-gag) was obtained from the related M/el-linearized pT7-TEV-gag- 
A 50 plasmid. This transcript encodes HIV gag p55 obtained from BH10 
(41). Another gag-encoding mRNA was generated from plasmid pDAB72 
after linearizing with BamUl and transcribing with T7 RNA polymerase. 
To synthesize cap-gag-A n (gag), an -200-nt-long poly(A) tail was added 
using yeast poly(A) polymerase (Amersham Pharmacia Biotech, Uppsala, 
Sweden) according to the manufacturer. mRNA used as controls included 
cap-luciferase-A 50 , cap-anti-sense CCR5-A,,, and poly(A) homopolymer 
(Sigma). 

Purification of the transcripts was performed by DNase I digestion fol- 
lowed by LiCl precipitation and 75% ethanol wash. At least three different 
batches of mRNA were generated and used. The quality of each batch of 
mRNAs was tested by agarose gel electrophoresis for degradation and the 
presence of contaminating DNA template. RNA samples were quantitated 
by measuring OD at 260 nm. Samples were stored in siliconized tubes at 
-20°C at 0.5-1.0 pg/pl final concentrations. 

The characterized mRNA or plasmid was complexed to Lipofectin (Life 
Technologies). To enhance the efficiency of mRNA transfection and to 
decrease lipid-related cytotoxicity, the complexing was performed in the 
presence of phosphate .buffer as described (42). Lipofectin (0.2 pg) was 
preincubated in 40 mM phosphate buffer and 0.1 pg/ml BSA before com- 
plexing to 0.2 pg of mRNA in a final volume of 50 pi. Aliquols (50 pi) of 
the mRNA/lipid complexes were added directly to serum-free medium- 



washed DC, B cells, monocytes, 293T cells, or CD4 + T cells (10 s cells) for 
1 h, and were then resuspended in fresh medium. Aliquots of mRNA com- 
plexed with Lipofectin used for transfecting DC were found not to contain 
endotoxin using the Limulus amebocyte lysate gel clot assay (<3 pg/ml) 
(University of Pennsylvania, Department of Genetics, Cell Center Service 
Facility). 

Recombinant vaccinia gag 

A fragment of gag from the HXB2 clone of prototype HIV strain IIIB 
(amino acid 29-498) was generated by PCR using primers that introduced 
an appropriate initiating ATG and termination codon and allowed cloning 
into the BglUISmal sites of pSC65 (43). The resulting plasmid allowed for 
recombination into the vaccinia virus thymidine kinase gene (TK.) and the 
expression of the cloned gag to be driven by a vaccinia vims strong syn- 
thetic early/late promoter. Recombinant vaccinia virus-encoding gag was 
isolaied and plaque-purified following standard techniques on a TK" cell 
line (143B, American Type Culture Collection, Manassas, VA) in the pres- 
ence of bromodeoxyuridine and X-gal (44). Western blots of infected cell 
lysates showed that gag was produced and recognized by a rabbit poly- 
clonal antiserum (AIDS Reference and Reagent Program) (45). This virus 
was used to infect DC in suspension at a multiplicity of infection of ~2 
PFU/cell for 2 h. Cells were then washed in medium and cultured 
overnight. 

Ceil cultures 

Immature DC were pulsed with mRNA or protein for 1 h in serum-free 
medium; in certain cases, DC were matured 6 h later with TNF-a and 
PGE 3 . Peptide-pulsed DC were prepared by first maturing and then pulsing 
DC with a series of 49 different 20-mer overlapping polypeptides corre- 
sponding to the p55 protein of HIV-gag (each peptide at 1 pg/ml) (obtained 
from the National Institute of Allergy and Infectious Diseases AIDS Ref- 
erence and Reagent Program) for 1 h at 37°C followed by washing. Au- 
tologous T cells and CD8 + T cells were purified by negative selection 
using cell separation columns following the manufacturer's instructions 
(R&D Systems). DC, 24 h after pulsing, were cultured with autologous T 
cells at a ratio of one DC per 10 T cells. In certain experiments, IL-2 
(20-40 U/mi) and IL-7 (5 ng/ml) were added. 

B cells were purified by positive selection using CD 19 dynabeads (Dy- 
nal) and stimulated with pokeweed mitogen (2.5 pg/ml; Sigma) for 1-3 
days before luciferase mRNA transfection. CD4* T cells were stimulated 
with PHA (4 pg/ml; Sigma) for 3 days before luciferase mRNA transfec- 
tion. 293T cells were obtained from Dr. Ben-Hur Lee (University of Penn- 
sylvania) and grown in DMEM (Life Technologies) supplemented with 
glutamine and 10% FCS (HyCione, Ogden, UT). 

Reporter gene product analyses 

Luciferase enzymatic activity was measured by lysing cells in cell culture 
lysis reagent (Promega, Madison, WI), adding luciferase substrate (Pro- 
mega), and measuring in a luminometer (MLX; Dynex, Chantilly, VA or 
LB9506; Wallac, Gaithersburg, MD) as described by the manufacturer. A 
standard curve of luciferase protein (Promega) was used to calculate lu- 
ciferase protein concentration from relative light units. Immunohistochem- 
istry for bacterial /3-gal was performed on cytospun (model 7620; Wescor* 
Logan, UT) ceils fixed with 50% acetone/50% MeOH for 30 min at -20°C 
with a specific mAb (KM-90; Accurate Chemicals and Scientific, West- 
bury, NY) and the Dako Catalyzed Amplification System (Dako, Carpin- 
teria, CA). p24 (gag) protein was quantitated by ELISA (Beckman Coulter, 
Fullerton, CA). Supernatants were directly assayed. Cell lysates for p24 
analysis were prepared by lysing PBS-washed cells in 50 pi luciferase lysis 
buffer and adding 150 pi RPMI 1640 with 10% FCS before analysis. /3-gal 
activity in lysed cells was measured with Galacto-Star (Tropix/PE Biosys- 
tems, Foster City, CA). 

Effector cell generation for intracellular cytokine analysis and 
CTL activity 

Fourteen days after primary stimulation, T cells were restimulated with DC 
loaded with Ag similar to the primary stimulation at ratios ranging from 
10-50 T cells per DC in 1.5-ml Eppendorf tubes. Brefeldin A (10 pM; 
Sigma) was added I h later, and cells were washed with PBS and cultured 
in PBS 0.05% EDTA for 15 min after 6 h from the start of the culture. 
Six-hour activated T cells were then stained with CD4-peridinin chloro- 
phyll protein, fixed in 2% paraformaldehyde (Sigma) for 1 5 min, washed, 
permeabilized with 0.25% saponin (Sigma) for 15 min, stained with 
CD69-F1 and anti-IFN-y-PE, and fixed with FACS lysing buffer (Becton 
Dickinson). Propidium iodide (50 pg/ml) was added to certain experiments 
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to analyze cell death. Stained cells were analyzed on a FACScan (Becton 
Dickinson); 50,000 events were analyzed per sample. 

Vaccinia-gag secondary stimulations were performed by similar proce- 
dures as described above. Analysis of an immune response in vaccinia-gag 
stimulated T cells was performed with gag mRNA-Ioaded DC to distin- 
guish vaccinia-specific responses. 

For CTL assays (14, 34, 46), CD8 + T cells were obtained by negative 
selection 5 days after effector cell stimulation. Targets for CTL activity 
were DC transfected with control or HIV gag-encoding mRNA (34) or 
pulsed with HIV peptides and loaded with 25 ixM calcein AM (Molecular 
Probes, Eugene, OR), a fluorescent dye that is released when membrane 
integrity is compromised, for 45 min. DC targets were cocultured with 
CD8 + T ceils at a range of E:T ratios (50:1-12.5:1). Cytotoxicity was 
measured by analyzing the supernatant for calcein in a fluorometer (MFX; 
Dynex) (485 nm excitation, 535 nm emission) after 3 h of culture. Controls 
including 100% lysis (maximum release) and target cells alone (spontane- 
ous lysis) were included, and cytotoxicity was expressed by the following 
equation: percent specific lysis » (experimental release - spontaneous 
release)/(maximum release - spontaneous release). 

Analysis of mRNA-induced DC maturation 

Immature DC were transfected with gag mRNA complexed with lipofectin 
or treated with lipofectin without nucleic acid. Twenty hours later, cells 
were stained with CD80-FITC, CD86-CyChrome, and CD83-PE and ana- 
lyzed on a FACScan. 

Results 

Transfection of DC with mRNA-encoding reporter proteins 

Ag presentation and T cell activation, in addition to being affected 
by the route of Ag delivery (MHC class I vs II pathways), is de- 
pendent on the amount of Ag delivered and the number of DC 
presenting the Ag (10, 11, 13, 47-49). We first determined the 
kinetics of protein production after luciferase-encoding mRNA 
transfection of DC. Immature DC were transfected with increasing 
concentrations of lipofectin-complexed TEV-luciferase mRNA 
and assayed 4 h later. This time point was chosen because we 
found that after transfection, luciferase activity reached a maxi- 
mum at 3-8 h, and significantly decreased by 24 h (Fig. \A). High 
levels of luciferase protein, up to 508 pg/10 5 DC, were produced 
with 0.2 /xg/50 /xl of mRNA (Fig. \B). In a comparison of DC to 
other professional APC and CD4* T cells, DC produced over 1 000 
times more protein when transfected with the same amount of 
luciferase mRNA (Fig. 1Q. As luciferase protein denatures 
quickly after translation and loses enzymatic activity (50), the 
measure of enzymatic activity corresponds to active translation of 
encoded mRNA, suggesting that mRNA transfection of DC results 
in transient, high level protein production. 

It has been established that the efficiency of T cell activation by 
DNA-mediated Ag delivery to DC correlates with the number of 
APC actively producing encoded protein (10, 11, 13) and is typ- 
ically low (24-26). To determine the transfection efficiency of DC 
by mRNA, we used a bicistronic mRNA (SFV3) encoding the SFV 
nonstructural proteins required for RNA replication, a subgenomic 
promoter, and the reporter /3-gal. Upon introduction into the cy- 
toplasm, the translated polyprotein from the first cistron replicates 
both cistrons, producing high levels of /3-gal protein. This system 
was used because experiments using j8-gal- or luciferase-encoding 
mRNA without RNA amplification did not lead to detectable Ab 
staining of reporter protein. SFV3 mRNA transfection of DC fol- 
lowed by staining for bacterial /3-gal demonstrated that >90% of 
DC expressed bacterial /3-gal protein (Fig. 2). Controls without 
primary Ab or without /3-gal-encoding mRNA gave no staining 
(Fig. 2 and data not shown), Primary DC transfection with DNA 
results in low numbers of cells making encoded protein (24-26), 
but we observed that relatively high levels of /3-gal activity were 
produced with a pCMV-j3-gal plasmid, DC were immunohisto- 
chemically stained for bacterial /3-gal 24 h after plasmid transfec- 
tion. Less than 1 % of the cells stained with a mAb, demonstrating 
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FIGURE 1. Luciferase-encoded mRNA transfection of DC results in 
transient, high level, and functional luciferase expression. Immature DC 
derived from cytokine-treated monocytes were transfected with lipofectin- 
complexed luciferase-encoding mRNA. Cells were transfected with 0.2 
/Ag/50 /xl mRNA and lysed at the given time points posttransfection (A) or 
cells were transfected with indicated amounts of mRNA and lysed at 4 h 
post transfection (#). DC, B cells, CD4* T cells, and monocytes were 
transfected with 0.2 /xg/50 /xl luciferase and TEV-luciferase mRNA and 
lysed 4 h later (Q. Luciferase activity was quantitated by measuring light 
generation upon substrate cleavage. Luciferase protein concentration was 
calculated using a standard curve of purified luciferase protein. The dashed 
line in (Q represents the level of detection of the assay. DC were prepared 
in 10% FCS, 1% NHS, or AIM V serum-free medium, and all conditions 
gave similar results. Duplicate cultures and duplicate measurements per 
culture were performed. Error bars represent the SEM of the four values. 
Data are representative of at least four, subjects for each DC culture 
condition. 



that high levels of staining after mRNA transfection resulted from 
protein produced within the DC. These studies demonstrated that 
high levels of protein expression resulted from mRNA transfection 
of DC and that almost all of the cells took up and translated 
delivered mRNA. 

Transfection of immature DC with gag mRNA leads to synthesis 
of cell-associated and -secreted gag protein 

CD4 + and CD8 + T cell activation by a vaccine depends on Ag 
delivery to DC in a manner that loads both MHC class II and I 
molecules, respectively, with Ag-derived peptides. The loading of 
MHC class I molecules optimally occurs by processing intracel- 
lularly translated proteins, whereas MHC class II molecules obtain 
antigenic peptides through the processing of endocytosed proteins 
(reviewed in Refs. 51-53). Immature and mature DC and the 293T 
cell line were transfected with TEV-gag mRNA to analyze the 
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FIGURE 2. mRNA-transfected immature DC stain for encoded j3-gal 
protein. DC were trans fected with SFV3 mRNA or TEV-luciferase (con- 
trol) mRNA. The cells were cytospun onto slides and immunohistochemi- 
cally stained with bacterial /3-gal-specific mAb 20 h after transfection. DC 
transfected with SFV3 and immunostained without primary mAb demon- 
strated no specific staining, similar to TEV-luciferase (data not shown). 
Data are representative of two separate experiments. 

production and ratio of cell-associated and -secreted protein. The 
5' leader sequence of the tobacco etch viral genome was used as it 
promotes translation leading to higher levels of protein production 
from the same amount of mRNA (40), High levels of p24 Ag were 
found in both culture supernatant and cell lysate from transfected 
immature DC. The variability in gag protein produced by trans- 
fected immature DC was < 8-fold across all subjects studied. Com- 
pared with mature DC and 293T cells, more p24 was cell associ- 
ated than secreted in immature DC (Fig. 3). We hypothesized that 
this was due to uptake of released protein by endocytosis and mac- 
ropinocytosis, processes present in immature DC and lost with DC 
maturation (36). 

Gag mRNA-transfected DC induce a potent in vitro primary 
immune response 

We next sought to determine whether delivery of Ag to DC by 
mRNA transfection could induce a primary immune response in 
vitro. Immature DC were pulsed with HIV gag mRNA or protein 
or infected with recombinant vaccinia vims-encoding gag and ma- 
tured 6 h later with TNF-a and PGE 3 . Mature DC were also pulsed 
with a series of overlapping 20-mer polypeptides corresponding to 
the entire p55 gag protein. DC were then cocultured with autolo- 
gous T cells in the presence or absence of IL-2 and IL-7 for 2 wk. 
T cells were restimulated with DC pulsed in the same manner as 
the initial stimulation, except for vaccinia gag, which was restim- 
ulated with gag mRNA-loaded DC to distinguish vaccinia-specific 
responses, and the early activation markers, CD69 and IFN-% 




FIGURE 3. Expression of gag protein by cells transfected with gag- 
encoding mRNA. Immature and mature DC and 293T cells were trans- 
fected with gag-encoding mRNA (TEV-gag), Culture medium (secreted) 
(gray box) and cell lysate (cell-associated) (■) p24 protein was assayed by 
ELISA after 24 h. The mature DC produced more p24 protein than imma- 
ture DC after transfection by TEV-gag mRNA. This was supported by 
comparing the kinetics of luciferase production after TEV-luciferase trans- 
fection of matched mature and immature DC. Triplicate cultures and du- 
plicate measurements per culture were performed. Error bars represent the 
SEM of the six values. Data represent three separate experiments. 



were analyzed on CD4 + and CD4~ T cells (as T cells were puri- 
fied by negative selection from PBMC, the CD4" cells were as- 
sumed to be CD8 + T cells). The percentage of CD69 + , IFN~7 + 
cells represented the frequency of Ag-specific cells generated dur- 
ing the primary immune response (54, 55), DC transfected with 
gag mRNA demonstrated an efficient induction of Ag-specific 
cells, typically 5-9% of CD4 + or CD8 + T cells. Unfortunately, a 
high level of background stimulation (1.7-4.2%) was observed. 
We thought this was likely due to the presentation of serum-de- 
rived Ags obtained during the DC culture period, which was per- 
formed in 1% NHS, which was excluded by purifying and cultur- 
ing monocytes in serum-free medium (Aim V) to produce 
immature DC. These DC were phenotypically and functionally 
identical with DC produced in serum (56) (D. Weissman, unpub- 
lished observations). DC produced in serum-free medium were 
pulsed with mRNA, protein, vaccinia gag, or peptides and cultured 
with T cells as described above except that all steps, including T 
cell stimulation, were performed in serum-free medium. The 
CD4 + and CD8* T cell primary immune responses initiated by 
gag mRNA-transfected DC were similar in magnitude to that gen- 
erated in the presence of serum, whereas lower but still significant 
levels of background were observed (ranging from 0.2 to 2.2%) 
(Fig. 4). A low level of T cell activation above that observed for 
control DC-stimulated T cells was observed with gag protein or 
peptides or delivery of encoded gag by vaccinia virus (Fig. 4). 
Similar results were observed whether or not IL-2 and IL-7 were 
included during the primary stimulation. Thus, mRNA delivery of 
encoded gag to DC induced the activation and expansion of Ag- 
specific CD4 + and CD8 + T cells at a frequency generally ob- 
served after in vivo primary immune stimulation of mice (35). 

mRNA pulsing induces DC maturation 

DC, in their immature form, are efficient obtainers and processors 
of Ag, but are relatively inefficient at stimulating T cells. The abil- 
ity to potently stimulate T cells occurs with maturation of DC. 




protein peptides gag mRNA mRNA 

FIGURE 4. CD4 + and CD8 + T cell activation during an in vitro im- 
mune response was induced by gag-encoding mRNA-pulsed DC. Immature 
DC derived from PBMC of HIV-naive individuals were pulsed with gag 
mRNA, vaccinia-gag, or p55 gag protein, matured with TNF-a and PGE 3 , 
and cocultured with autologous T cells for 2 wk. Mature DC were pulsed 
with peptides corresponding to the entire p55 gag protein before T cell 
cocullure. T cells were restimulated with DC pulsed in me same manner as 
the first stimulation and analyzed for expression of cell surface CD4 and 
intracellular CD69 and IFN-y by flow cytometry. DC generation and T cell 
stimulation were performed in serum-free medium without IL-2 and IL-7. 
As T cells were purified by negative selection, we assumed that the CD4~ 
T cells were CD8 + T cells. Data are representative of four experiments 
with and four without IL-2 and IL-7 in serum-free medium. Vaccinia en- 
coding gag infection of DC was performed two times in serum- free me- 
dium without IL-2 and IL-7. 
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Human trials using Ag-loaded DC to induce T cell immunity, in 
addition to loading DC with protein or peptide, also delivered a 
maturation signal with monocyte-conditioned medium (14, 57). In 
addition to monocyte-conditioned medium, TNF-a, LPS, and 
CD40 ligand, dsRNA, have also been demonstrated to induce DC 
maturation (58, 59). We analyzed the effect of gag mRNA trans- 
fection on DC and observed efficient maturation as measured by 
expression of CD83 (a marker of mature DC; Ref. 60), increased 
CD80 and CD86 mean fluorescence (Fig. 5), and the loss of the 
ability to macropinocytose or endocytose (data not shown). The 
expression of DC maturation markers were not increased by puls- 
ing DC with lipofectin alone (Fig. 5) or gag protein (data not 
shown). 

TEV gag mRNA compared with gag mRNA produced four to 
five times more gag protein in transfected DC, often led to higher 
levels of expression of DC maturation markers, but, surprisingly, 
consistently produced lower levels of T cell stimulation (Fig. 4). 
Mature DC die as the next phase of their life cycle (2-4). An 
explanation for the discrepancy between TEV-gag and gag mRNA 
pulsing followed by maturation with TNF-a and PGE 3 of DC was 
that the decreased T cell stimulation was due to overmaturation of 
the DC with less efficient T cell stimulation. In fact, DC receiving 
both maturation signals had elevated levels of cell death measured 
by PI uptake compared with DC receiving only one maturation 
signal after 24 h. When DC were not matured with TNF-a and 
PGE 3 after TEV-gag mRNA transfection, thereby allowing the 
mRNA to deliver the maturation signal, higher levels (12-15%) of 
T cell activation were observed with almost no background acti- 
vation (<0.25%) (Fig. 6). Levels of T cell activation above back- 
ground, but much less than gag mRNA, were observed during a 
primary in vitro immune response when whole gag protein, gag 
peptides, or recombinant vaccinia-encoding gag were used to load 
DC with Ag. 

mRNA-pulsed DC expand CD4 + and CD8 + memory T cells 

Activation of memory cells results in the expansion of effector 
cells, capable of lysing targets or secreting cytokines, and memory 
cells, capable of homing to lymphoid organs, activating DC, and 
maintaining the pool of memory cells specific for an Ag (reviewed 



in Ref, 61). We measured the ability of DC to expand memory 
cells by restimulating T cells from primary immune response for 2 
wk and measuring activation and IFN-y expression after Ag- 
pulsed DC stimulation. A potent activation and expansion of gag- 
specific memory cells was observed during a second in vitro stim- 
ulation with gag mRNA-pulsed DC (Fig. 6). 

mRNA-transfected DC induce potent CTL effectors in vitro 

It has been demonstrated that the amount of antigenic peptide pre- 
sented by a DC determines the type of CD8* T cell effector re- 
sponse, with low concentrations inducing CTL activity and higher 
concentrations leading to loss of CTL effector function and re- 
placement with cytokine production (47). To determine the type of 
CD8 effector induced by delivering Ag through mRNA transfec- 
tion of DC, CTL activity was analyzed after a primary in vitro 
immune response. Two weeks after primary stimulation, resting T 
cells were restimulated for 5 days with gag peptides, protein, or 
mRNA-pulsed DC to activate effectors. CD8 + T cells were puri- 
fied by negative selection and added to gag mRNA- loaded autol- 
ogous DC targets (34). Efficient and specific lysis of gag-loaded 
autologous DC targets (Fig. 7) was observed after a primary in 
vitro immune response induced by gag or TEV-gag mRNA-pulsed 
DC. A comparison of target loading with gag mRNA vs peptides 
corresponding to the entire p55 gag protein demonstrated that 
mRNA loading produced superior targets, typically 2-3 times bet- 
ter ability to be lysed (data not shown), but also demonstrated that 
a pool of 20-mer overlapping polypeptides were efficient at loading 
target cells for lysis. Our more limited ability to induce a primary 
CTL response to peptide-loaded DC-stimulated T cells is likely 
due to the use of pooled peptides instead of selected peptides for 
each MHC haplotype as has been described (62, 63). Thus, gag 
mRNA-pulsed DC induced potent CD8 + T cell effector activity 
that could be measured on autologous gag mRNA or gag pepti de- 
pulsed DC targets. 

Discussion 

Delivering Ags in their DNA- or RNA-encoded forms represents a 
new approach to the induction of T cell immunity that depends 
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FIGURE 5. mRNA transfection of im- 
mature DC induces the maturation marker 
CD83 and up-regulates the costimulatory 
molecules CD80 and CD86. Immature DC 
were transfected with gag mRNA com- 
plexed with lipofectin or treated with lipo- 
fectin alone. Twenty-four hours later, cells 
were analyzed by flow cytometry (A). 
5, The percentage of positive cells and 
mean fluorescence are given for lipofectin 
alone, gag mRNA, and TNF-a plus PGE r 
treated DC. Data are representative of six 
separate experiments. 
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FIGURE 6, mRNA transfection of immature DC induces potent Ag-specific T cell activation in the absence of posttransfection DC maturation by TNF-a 
and PGE 3 . Gag peptides and protein, vaccinia-gag, gag, and TEV-gag mRNA-pulsed DC were cocultured with autologous T cells from HlV-naive 
individuals for 2 wk, restimulated, and analyzed (primary immune response). Primary stimulated T cells were restimulated for 2 wk and reanalyzed 
(secondary immune response). Poly(A) homopolymer was used as a control. Cultures were performed in serum-free medium supplemented with IL-2 (40 
U/ml) and IL-7. Histograms are gated on all T cells. Data presented were derived from two different subjects and matched for primary and secondary 
responses. Data are representative of three separate experiments. 



upon the ability of the host to make antigenic proteins from de- 
livered transgenes. In this report, we demonstrated that DC could 
be efficiently pulsed with mRNA encoding the HIV core protein 
gag, which then induced a potent primary in vitro T cell immune 
response. Most of the gag protein produced by immature DC, un- 
like other cell lines examined, remained within the DC after 
mRNA transfection. Intracellular^ made protein is processed by 
the proteasome system into peptides that are loaded onto MHC 
class I molecules in the endoplasmic reticulum. Some of the gag 
protein was secreted and subsequently endocytosed by the DC, 
which is the pathway used to load MHC class II molecules. A 
significant activation and expansion of Ag-specific CD4 + and 
CD8 + T cells was observed, confirming loading of both MHC 
class I and II molecules by mRNA-encoding Ag transfection. De- 
livery of mRNA-encoding Ag to immature DC not only efficiently 
loaded both Ag presentation pathways, but also delivered a mat- 
uration signal to DC, converting them into potent T cell stimula- 
tors. The ability to deliver antigenic peptides for presentation to 
both CD4 + and CD8 + T cells and signal DC to mature and acti- 
vate T cells has not been observed with other forms of Ag loading 
of DC. 

The inefficiency of transfecting primary cells is multifactorial, 
including a restriction of plasmid reaching the nucleus and of tran- 
scribed mRNA from genes lacking introns being translated (64). 
The high efficiency of mRNA transfection compared with DNA 
transfection can be explained by the processes required to generate 
protein from each. With DNA transfection, the plasmid must enter 
the cell, be transported into the nucleus, become transcribed by 
cellular transcriptional machinery, and, finally, have the resulting 
mRNA transported into the cytoplasm. Additionally, the resulting 
mRNA must be in a form that can be translated (65). In a study of 
DNA transfection of HeLa cells, it was observed that 95% of the 
cells had plasmid in their cytoplasm, but only a proportion (30%) 
produced the encoded protein (66). If DNA and RNA entrance into 
a cell share a similar mechanism, it is likely that nearly all mRNA- 
transfected DC would have mRNA in their cytoplasm, and protein 
production would be dependent on the translational capacity of the 
cell. In fact, this is what we observed. mRNA-pulsed DC had 
encoded protein present in >90% of DC. Thus, mRNA transfec- 
tion of DC results in cytoplasmic protein production in a majority 
of cells with subsequent loading of MHC class I molecules as 
measured by activation of CTL effector cells. At least in the setting 
of HIV gag, and likely with any protein that can be secreted or 



released, MHC class II molecule loading occurred, resulting in T 
helper cell activation likely through release and reuptake of protein 
into DC phagolysosomes. 

The first step in the induction of T cell immunity by a vaccine 
is the delivery of Ag to DC, Immunity induced by DNA-encoding 
Ag immunization correlates with delivery of Ag to DC (10-13). 
Recently, two approaches to in vivo mRNA vaccination have been 
described. These approaches demonstrated new methods of deliv- 
ering mRNA encoding a candidate Ag to nonlymphoid cells using 
an episomal fusion complex (67) and enhanced DC Ag uptake by 
inducing caspase-dependent apoptosis of nonlymphoid cells that 
had translated the mRNA (68). Another recent report demonstrated 
that complexed and naked mRNA injected into mice could induce 
CTL activity and specific Ab (69). The dichotomy presented by 
these studies is that the induction of primary immune responses in 
vitro, as described in this study and, recently, in another system 
(34), uses mRNA transfection of DC to produce protein within the 
DC and develop potent CD8 + T cell immunity, whereas the in 
vivo studies above (67, 68) deliver mRNA in forms that enhance 
the uptake of encoded protein by DC. These approaches do not 
take advantage of the ability of intracellular protein from mRNA 
transfection of DC to enter the MHC class I Ag-processing path- 
way and, instead, rely on cross-priming for the activation of CD8 + 




FIGURE 7. gag mRNA-loaded DC induce CTL effector activity after a 
single expansion in vitro. T cells, 2 wk after a primary stimulation, were 
restimulated with DC pulsed in a similar manner to the primary stimulation 
for 5 days. CD8 + T cells were purified by negative selection and added to 
calcein- and Ag-loaded (gag mRNA transfection) DC targets for 3 h. Su- 
pernatants were analyzed by fluorometry for released calcein. Cultures 
were performed in triplicate and error bars indicate SEM. Data are repre- 
sentative of three experiments. 
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T cells. Alternatively, approaches that use in vitro isolation, 
growth, loading, and maturation of DC before delivery back to the 
patient preclude large scale use of in vitro DC-loading vaccines, 
suggesting that in vivo delivery of mRNA-encoding candidate Ags 
is needed. DC translated mRNA much more efficiently than other 
professional APC or primary cells (including vascular endothelial 
and smooth muscle cells; K. Karik6, unpublished observations) 
and almost all DC pulsed with mRNA made encoded protein. 
These findings, combined with the observations that DC induced a 
primary immune response in vitro after gag mRNA pulsing and 
mRNA transfection resulted in a signal that activated and matured 
DC, suggest that although injection of mRNA into a subject will 
result in widespread biodistribution, the Ag encoded by the mRNA 
will be preferentially produced in and presented by DC. This form 
of delivery of Ag to DC will direct encoded protein to the MHC 
class I processing pathway and, additionally, when a secreted pro- 
tein is used or lysosomal signaling sequences are added (34), en- 
trance into the MHC class II pathway will occur, inducing potent 
CD4 + and CD8 + T cell immune responses. The ability to deliver 
mRNA to DC in vivo as a vaccine approach is also attractive as it 
can be easily and inexpensively administered to large populations. 
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